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相图的方法 (CALPHAD)，对 U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr) 各三元系
的相图进行了热力学优化与计算，并在此基础上建立铀钍基合金的热力学数据
库，主要研究工作如下： 
(1) 系统收集、整理和分析了 U-X（X: Mn, Nb, Th, Cr, Cu, Mg）六个二元系的热
力学信息和实验相图数据，首次优化与计算了 U-X（X: Mn, Nb, Th, Cr, Cu, Mg）
各二元系的相图，并与实验信息取得良好的一致性。 
(2) 系统收集、整理和分析了 Th-X（X: Pu, Cr, Mn, Nb, Zr）五个二元系的热力
学信息和实验相图数据，首次优化与计算了 Th-X（X: Pu, Cr, Mn, Nb, Zr）各二
元系的相图，并与实验信息取得良好的一致性。 
(3) 基于文献报道和本论文计算得到的 U-X 和 Th-X 各二元系的热力学参数，
根据已有的实验相图信息，首次优化与计算了 U-Th-Mn 和 U-Th-Zr 两个三元
系的相平衡。计算结果与实验信息吻合良好。 
(4) 基于文献报道和本论文计算得到的 U-X 和 Th-X 各二元系的热力学参数，
外推计算了 U-Th-X (X: Pu, Cr, Cu, Mg, Nb) 各三元系在350℃和1000℃的等温
界面相图。 
根据本研究的计算结果，对 U-X（X: Mn, Nb, Th, Cr, Cu, Mg）和 Th-X（X: 
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Abstract 
Nuclear energy is an important kind of new energy, and nuclear materials are an 
important guarantee for the secure and highly efficient operation of the nuclear actors. 
U-Th based alloys are the vital part of nuclear materials. However, due to the rigorous 
restriction of the experimental conditions for the nuclear material, the traditional trial 
and error method is not useful for the investigation of the nuclear materials.  
In order to design high-powered nuclear material, knowledge of phase diagrams 
and thermodynamic data of the involved systems are crucially necessary. In this paper 
thermodynamic calculations (CALPHAD) on the phase relations of U-Th-X (X: Pu, 
Cr, Cu, Mg, Mn, Nb, Zr) systems are carried out, and the U-Th based thermodynamic 
data base is built, which is described in the following. 
(1) Thermodynamic description of the U-X (X: Mn, Nb, Th, Cr, Cu, Mg) binary 
systems were firstly optimized by using the CALPHAD method based on critically 
evaluated experimental data. Calculated results from the obtained thermodynamic 
parameters were in good agreement with the available experimental data. 
(2) Thermodynamic description of the Th-X (X: Pu, Cr, Mn, Nb, Zr) binary systems 
were firstly optimized by using the CALPHAD method based on critically evaluated 
experimental data. Calculated results from the obtained thermodynamic parameters 
were in good agreement with the available experimental data. 
(3) Based on the optimized parameters in this work or literature for the U-X and Th-X 
binary systems, the U-Th-X (X: Mn, Zr) ternary systems were firstly assessed 
according to the experimental data. The calculated phase equilibria and 
thermodynamic properties were in good agreement with the experimental data. 
(4) By combining with the optimized parameters in this work or literature for the U-X 
and Th-X binary systems, the U-Th-X (X: X: Pu, Cr, Cu, Mg, Nb) ternary systems 
were extrapolated for the first time. The isothermal sections of the U-Th- X (X: X: Pu, 
Cr, Cu, Mg, Nb) ternary systems at and 350℃ and 1000 ℃ were calculated. 
According to the calculation of this work, the binary systems of U-X (X: Mn, Nb, 
Th, Cr, Cu, Mg) and Th-X (X: Pu, C, Cr, Mn, Nb, Zr) were assessed, as well as the 
U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr ) ternary systems, and the U-Th based 
thermodynamic database for nuclear materials is built, which will provide important 
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messages for the design of nuclear materials. 
 
Key Words: Nuclear Material, CALPHAD, U-Th based alloy 
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第一章 绪论 
 

















题规划 (2005-2020 年) 》显示，到 2020 年，我国将争取将核电运行装机容量从
目前的 906.8 万千瓦提高到 4000 万千瓦，核电占全部电力装机容量的比重从现




存在的只有235U。233U和239Pu是由232Th (钍) 和238U在反应堆中通过(n，γ)反应, 再
经β衰变而得到的，故称为再生核燃料。因此，U、Pu和Th都是核燃料[4]。 
铀是元素周期表中第 92 号元素，其原子序数为 92，原子量为 238.0289，化
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